Abstract
Introduction 32 33
A prominent climate anomaly is centred on 8200 yr BP in Greenland ice-core records (Figs. 1 34 and 2) and is registered as an abrupt cooling of ~3.3 ± 1.1 °C that lasted for 160 yrs (Kobashi 35 et al., 2007; Thomas et al., 2007) . The widely cited (e.g. Alley et al., 1997; De Vernal et al., 36 1997; Barber et al., 1999; Törnqvist and Hijma, 2012) Ojibway (LAO) dated to 8740-8160 cal yr BP (1 age range) in the Hudson region (Barber et 40 al., 1999) . However, it is unclear whether the drainage occurred as a standalone freshwater 41 pulse or as several separate events. Indeed, climate modelling studies based on a single
The Cree Estuary is situated on the northern shores of the Solway Firth (N 54°51', W 4°30').
135
The River Cree is tidal from Newton Stewart and drains southwards through the Cree coastal 136 lowlands into Wigtown Bay (Fig. 3B) . The predicted present day spring tidal range in
137
Wigtown Bay is 6.40 m (supplementary info Fig. S1 ; Ward, 2014) , which is comparable to Jardine, 1975; Bishop and Coope, 1977; Smith et al., 2003a) . In the most recent of these, 143 Smith et al. (2003a) reported that RSL rose from -6 m OD at ~9500 to a mid-Holocene RSL 144 highstand of +6 m OD at ~5500 cal yr BP before falling to present. One of the sites used to 145 constrain this RSL history is Blair's Croft, located ~1.5 km inland of the current tidal limit
146
and at the base of the Galloway National Park foothills, where a sequence of interbedded 147 estuarine and salt-marsh deposits are preserved below a surface freshwater peat. These 148 deposits were dated by Smith et al. (2003a) using conventional bulk radiocarbon dating to 149 within the broad timeframe of the 8.2 event, although not fully attributed to the event itself.
150
These sediments provide the basis for this study. 
Methods

153
Lithostratigraphy
155
We conducted further lithostratigraphic investigations at Blair's Croft, paying particular 156 attention to the sediments that were originally dated by Smith et al. (2003a) as spanning the 157 centuries either side of the 8.2 event, i.e. between ~8800 and 7800 cal yr BP (Figs. 4 and 5) .
158
Fifty hand-cores were sunk along three transects. Sediments were classified with reference to road in Carsewolloch Flow, as Smith et al. (2003a) and Wells (1997) here reported a broadly 163 homogenous sequence of estuarine clays (i.e., no inter-bedded organic deposits). Sample core 164 BC421 (Transect 1) was deemed representative of wider changes at Blair's Croft and was 165 collected using a modified piston corer with 0.7-1.0 m overlapping lengths. Some compaction 166 was observed during sampling and corrected for based on the depths recorded in an adjacent 167 hand core. We account for this correction with a conservative 0.2 m uncertainty (Section 3.4).
169
Laboratory methods
171
We conducted microfossil (diatom) analyses in order to determine estimates of past sea level.
172
Samples were prepared using standard techniques (Palmer and Abbott, 1986) , identified with 173 reference to the taxonomy of Hartley et al. (1996) and grouped according to a simplified 174 halobian classification scheme of Vos and de Wolf (1993) . A total of 74 samples were taken upper intertidal and supratidal conditions. Samples were weighed prior to being oven-dried 179 overnight at 80°C, reweighed, combusted at 550°C for four hours and weighed again.
180
Our chronology is constrained by 13 Accelerator Mass Spectrometry (AMS) 14 C 181 determinations of individual terrestrial plant macrofossils (Table 1) . Ages are reported as 2 182 ranges, calibrated (IntCal13; Reimer et al., 2013) with respect to BP (where BP = AD 1950).
183
Our dating was performed at the Scottish Universities Environmental Research Centre,
184
NERC radiocarbon facility in East Kilbride, UK, on cleaned, horizontally-bedded plant 185 macrofossils (Phragmites australis) and c. 1cm 3 wood (Alnus) fragments that were intact and 186 away from the core edges. All 14 C samples were pre-treated using standard methods (e.g.
187
Czernik and Goslar, 2001) in East Kilbride. Most samples were dated twice and subject to a 188 weighted mean using the "R_combine" function of OxCal 4.2 in an 189 attempt to increase the precision of uncalibrated 14 C ages (i.e. the reported 1 laboratory 190 errors, Marshall et al., 2007; Li et al., 2012 To reconstruct RSL from fossil diatom assemblages, we exploit the relationship between the 198 distribution of their modern counterparts with marsh surface elevation (e.g. Zong and Horton, 199 1999; Barlow et al., 2013) , which is primarily controlled by the frequency of tidal flooding
200
(hence, RSL). The elevation of an assemblage relative to tide levels is termed its 'indicative 201 meaning'. Underpinning this is the assumption that the indicative meanings of contemporary 202 diatoms and their assemblages remain unchanged through time. We apply the Barlow et al.
203
(2013) transfer function to our fossil assemblages using the computer software C 2 v.1.6
204 (Juggins, 2011) . The Barlow et al. (2013) 
280
This novel approach to sampling is an attempt to reduce the uncertainties of the 281 reconstruction given the wide uncertainties in time and space of the RSL indicators relative to 282 the decimetre and decadal-to-centennial scale of DCP events that we seek to identify.
283
The remaining part of the reconstruction method follows Rohling et al. (2014) the critical time interval compared to the nine in MD03-2665 (Kleiven et al., 2008 (Kleiven et al., 2008) and that the age offset reflects the limitations of the Ellison et al. (2006) 321 chronology.
322
Of the nine dates between 9.0 to 8.0 kyr BP in the Kleiven et al. (2008) broad minimum spanning several centuries rather than two distinct events.
344
From proximal to the former LIS margin we also include the timing of three DCPs 345 observed in core MD99-2236 (Jennings et al., 2015) . Improving the Jennings et al. (2015) 346 chronology with Bayesian modelling is not necessary given that the critical interval of this 347 record is constrained by only two ages. To tie in existing RSL observations from elsewhere,
348
we compare age probability density functions of the onset of the Rhine-Meuse Delta RSL 349 jump (Hijma and Cohen, 2010) and the full range of the Mississippi Delta RSL jump (Li et 350 al., 2012) . Finally, although poorly constrained by dating, we also discuss the peak timing of 351 the modelled Keewatin-Labrador ice-dome saddle collapse (Gregoire et al., 2012) 
Results
358
Lithostratigraphy
360
Our lithostratigraphic survey confirms the complex sequence of minerogenic silts and 361 laterally extensive beds of organic silt that were originally mapped by Smith et al. (2003a) . indicator of a fringing salt-marsh environment (>MHWST) (e.g. Zong and Horton, 1999) .
368
The most prominent organic beds (traceable across at least two transects) are those that occur 369 at ~3 m, ~5 m and ~7 m OD which we refer to as 'lower ', 'middle' and 'upper' beds, 370 respectively. They are dated in sample core BC421 (Transect 1) to ~8800, ~8200 and ~7800 from ~7 m OD in the west to ~9 m OD at the valley-side. In general, the organic beds are dominated by high frequencies of Navicula peregrina, a high 400 marsh taxon (Fig. 6 ), while the minerogenic silts contain T. navicularis, Nitzschia sigma, 
405
The transition between the lower organic bed and the overlying silt is sharp (<2 mm),
406
with the microfossils indicating an abrupt (but non-erosive) switch from high marsh to lower 407 intertidal conditions (Fig. 6) 
450
To improve the predictive ability of the transfer function, the training set is 'screened' 451 of outlying samples. We follow Gehrels et al. (2005) who discount samples with residuals >1
452
SD of SWLI, which removes 14 samples, leaving 217 samples. Fig. S6 and Table S3 453 (supplementary info) illustrates the performance (observed versus predicted and observed 454 versus residual plots) of the one-, two-and three-component models of the screened dataset.
455
We select the WA-PLS model with two components over the one-component model on the
456
basis of an improvement in r 2 and RMSEP by >5% (after Barlow et al., 2013) . Good S8 ). These are rare forms, however, so they have little impact on the reconstruction.
468
A more important issue, however, concerns the inclusion of P. sulcata in the 469 reconstruction, a highly-siliceous planktonic taxon that is present in high abundance in the 470 minerogenic silts and indeed mudflat settings elsewhere in the U.K. (Zong and Horton, 1999; 471 Gehrels et al., 2001; Wilson and Lamb, 2011; Hill et al., 2007) . Planktonic taxa are assumed
472
to have an imprecise relationship with RSL because they can be allochthonous (i.e., flat in the modified Barlow et al. (2013) 
Chronology
493
The chronology is based on nine tie-points (a total of 13 AMS 14 C ages, including a mixture Prior to undertaking any probabilistic analysis of our fossil record we describe the 513 reconstruction in its raw form. Fig. S10 plots transfer function output (SWLI) versus both 514 depth (Fig. S10a ) and modelled ages (Fig. S10b) . The full dataset is presented in Table S1 .
515
We identify two sustained reductions in palaeo-marsh surface elevation that support our 
528
Following transformation of the SWLI values to sea level we are now in a position to 529 assess the evidence of marsh drowning probabilistically (Table S2 ). deviations, we use the independent RSL reconstruction for the Cree Estuary of Bradley et al.
538
(2011) as a threshold above which a sea-level event may be defined. This curve is derived 539 from a solution to the sea-level equation we choose to proceed with reconstructing the timing and magnitudes of these events more 565 precisely, using data around the mean, given the compelling evidence of marsh drowning 566 within the stratigraphy. To achieve this, we utilise our differentiated RSL curves (d RSL /dt).
567
Here we test hypothesis (1) 
576
We establish the total mass loss from each of these events by scaling the associated scour or a high-energy event such as a storm (e.g. Haslett and Bryant, 2007) There is debate regarding the potential routing and impact of freshwater discharge at the time 665 interval of interest, with some authors suggesting routing into the sub-tropical North Atlantic
666
and not the sub-polar gyre (e.g. Condron and Windsor 2011; Hill and Condron, 2014) . strong overlap at the 1 probability level. The 2 range of DCP7 (Jennings et al., 2015) and 682 the LAO drainage deposit recorded in James Bay (Roy et al., 2010) overlaps with the 2 683 range of this final age group. In addition, they all overlap with the start of the 8.2 event at 684 8247 cal yr BP (Thomas et al. 2007) . Table 2 provides the age determinations of these 685 individual estimates.
686
Interpreting an accurate sequence of freshwater events is strongly dependent on the where age models incorporate stratigraphic information; such is the case with the Cree 694 record. However, our age model contains the assumption that sharp changes from organic to 695 minerogenic sedimentation reflect a changing rate of accumulation. Our introduction of
696
"boundaries" at these contacts effectively forces the model to derive a solution that is 697 otherwise not possible given our dating constraints and nature of the stratigraphic sequence.
698
Validation of our observations is therefore required, especially with respect to time 699 constraints. As a final point, the estimates derived from marine chronologies presented here 700 depend strongly on the magnitude of local marine reservoir corrections which are difficult to 701 define. These limitations are inherent to the process of 14 C calibration but are compounded 702 when working on these timescales. Notwithstanding these issues we suggest that events are 703 likely to have been interrelated in some way when ages overlap, especially at the 1 704 probability level.
23
The Cree observations demonstrate significant overlap in timing with existing 706 estimates of short-lived events (Fig, 8) ; in particular those within the best resolved near-field 707 record of final LIS retreat on the Cartwright Saddle (Jennings et al., 2015) , but also from the events (Hijma and Cohen, 2010; Li et al., 2012) , a suggestion that is in agreement with our 714 data after considering the magnitudes of RSLr 1 and RSLr 2 once combined (1.92-2.23 m)
715
( Table 2) . Thus, there is compelling evidence to support an interpretation that two episodes of 716 freshwater release occurred in quick succession, and that these their distinct separation has 717 yet to be fully detected in the Rhine-Meuse Delta sea-level record (Hijma and Cohen, 2010) . In light of the Cree and existing observations, we propose the following three-event model of 725 freshwater forcing from the LIS between 8900-8200 cal yr BP.
726
First, collapse of the Keewatin and Labrador ice-dome saddle (Gregoire et al., 2012) 727 was swiftly followed by the opening of the Tyrrell Sea (Jennings et al., 2015) . It coincides
728
closely with detrital carbonate event DCP6a in core MD99-2236 from the Cartwright Saddle, 729 dated to 8694-8609 cal yr BP (Jennings et al. 2015) . This first event at ~8700 cal yr BP North Atlantic proxy records which could reflect low rates of freshwater discharge during 733 this event, relative to the events that followed. However, it overlaps with a possible cold 734 event at 8.75 ka BP exemplified by Rasmussen et al. (2007) in Greenland ice-core records. It 735 could also have been responsible for the onset of the broad climatic anomaly that starts 736 around this time (Rohling and Pälike, 2005 Jennings et al. (2015) . Second, the Rhine-Meuse
750
Delta RSL record (Hijma and Cohen, 2010) North Atlantic proxy records (Ellison et al. 2006; Kleiven et al., 2008) . It is therefore unlikely 757 that the majority of freshwater was routed south into the sub-tropical gyre (Condron and 758 Windsor, 2011; Hill and Condron, 2014) , although it remains possible that this region 759 received a portion of the total discharge volume. In view of the James Bay drainage deposits, 760 which provide strong overlap at the 1 probability level (Roy et al. 2011) , we interpret this 761 event as the second and final drainage of LAO following a century-scale phase of partial lake 762 recharge .
763
The differences in the magnitudes of RSL jumps have implications for AMOC 764 sensitivity. The relatively large and abrupt freshwater pulses at ~8700 and ~8560 cal yr BP 765 associated with the opening of the Tyrrell Sea and first drainage of LAO respectively could 766 have preconditioned the AMOC (e.g. Carlson and Clark, 2012) , with a relatively modest 767 freshwater perturbation at ~8270 yrs BP triggering its eventual reorganization. Thereafter, it 768 is possible that sea-ice-albedo feedbacks (Wiersma and Jongma, 2010; Otto-Bliesner and 769 25 Brady, 2010) and freshwater fluxes were important in forcing the 8.2 event (Teller et al., 770 2002; Törnqvist and Hijma, 2012 Percentage detrital carbonate by weight in Cartwright Saddle sea-floor sediments (Jennings et al., 2015) .
g, Neogloboquadrina pachyderma s.
O record in
Labrador Sea sea-floor sediments (Kleiven et al., 2008) , on its revised chronology (this study). FE 1 = Freshening Event 1; FE 2 = Freshening Event 2 (see text). h, Relative sea-level record from the RhineMeuse delta defined as 2 age and vertical uncertainty error boxes (Hijma and Cohen, 2010) . Blue bar denotes 2 age range of the start of the RSL jump (Table 2) . i, Relative sea-level record from the Mississippi Delta defined as 2 age and vertical uncertainty error boxes (Li et al., 2011) . Blue bar denotes 2 age range that encompasses the RSL jump in its entirety (Table 2) . Yellow bar indicates duration of the 8.2 event Timing of events are expressed as age probability density functions (pdfs) (3 ) and horizontal bars (2 probability ranges). Probability density functions of RSLr 1 , RSLr 2 and RSLr 3 (black curves) in the Cree estuary from this study are plotted alongside DCP6a (blue bar) and DCP6b (purple bar) from Jennings et al. (2015) , the James Bay drainage deposit (red bar; Roy et al., 2005) , the onset of sudden sea-level rise in the Rhine-Meuse Delta (purple curve; Hijma and Cohen, 2010) and Mississippi Delta (brown curve; Li et al., 2012) and the two North Atlantic surface cooling and freshening events (FE 1 ; orange curve, FE 2 light blue curve) inferred from revised chronology of Kleiven et al. (2008) . Peak meltwater discharge (modelled) associated with separation of the Keewatin and Labrador ice-dome 'saddle' (Gregoire et al., 2012 ) is shown as a grey bar, but note has no strict statistical definition. Yellow shading depicts the full duration of the 8.2 event as determined from Greenland ice-core records by Thomas et al. (2007) . Table 1 . Radiocarbon dates from BC421. Samples B1(a) and B1(b) (dark gray) are excluded from the age model because they are taken from the base of the 'upper' organic bed and are too young to be associated with the 8.2 kyr BP event, but provide a maximum age of barrier activity at its present position. Sample B is not included because of a minor age reversal with preceding samples (light grey). AMS = accelerator mass spectrometry. *Calibrated with the IntCal13 calibration curve (Reimer et al. 2013) Kendall et al. (2008) .
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